Magnetic nanoparticles (MNPs) have been extensively used in drug/gene delivery, hyperthermia therapy, magnetic particle imaging (MPI), magnetic resonance imaging (MRI), magnetic bioassays, etc. With proper surface chemical modifications, physicochemically stable and non-toxic MNPs are emerging contrast agents and tracers for in vivo MRI and MPI applications. Herein, we report the high magnetic moment, irregularly shaped -Fe4N nanoparticles for enhanced hyperthermia therapy and T2 contrast agent for MRI application. The static and d namic magnetic properties of -Fe4N nanoparticles are characterized by vibrating sample magnetometer (VSM) and magnetic particle spectroscopy (MPS) systems, respectively. Compared to the -Fe2O3 nanoparticles, -Fe4N show at least 3 times higher saturation magnetization (in emu/g), which, as a result, gives rise to the stronger dynamic magnetic responses as proved in the MPS meas rement res lts. In addition, -Fe4N nanoparticles are functionalized with oleic acid layer by a wet mechanical milling process, the morphologies of as-milled nanoparticles are characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS) and nanoparticle tracking analyzer (NTA). We report that with proper surface chemical modification and tuning on morphologies, -Fe4N nanoparticles could be used as tiny heating sources for hyperthermia and contrast agents for MRI applications with minimum dose. Figure 1. ´-Fe4N nanoparticles prepared by a gas nitridation approach. (a) The schematic drawing of the gas nitridation set p. The starting material -Fe2O3 nanoparticles are placed in a tube furnace. Hydrogen and ammonia gas cylinders provide high purity gas for the reduction and nitridation processes. (b) Summary on the working principle of gas nitridation. The -Fe2O3 nanoparticles, the starting materials, are reduced by hydrogen gas in a tube furnace. Then a mixture of hydrogen and ammonia are applied to s nthesi e ´-Fe4N nanoparticles. These s nthesi ed ´-Fe4N nanoparticles are transferred into a glove box to avoid oxidation. (i) Photograph of -Fe2O3 powder, (ii) photograph of ´-Fe4N powder, (iii) cr stal str ct re of -Fe2O3, (i ) cr stal str ct re of -Fe, ( ) cr stal str ct re of ´-Fe4N.
INTRODUCTION
Nowadays, magnetic nanoparticles (MNPs), with proper surface chemical modifications, are emerging nanomaterials that have been exploited in the areas of magnetic resonance imaging (MRI) and magnetic particle imaging (MPI),1 10 drug/gene delivery,11 16 hyperthermia,17 25 bioassays,10,26,27,27 30 cell sorting and separation,31 35 etc. For different applications, high magnetic moment MNPs are demanded for larger magnetic torques in drug/gene delivery and cell sorting and separation applications, for high sensitivity magnetic bioassays, for efficient and minimum dose usage in MRI, MPI and hyperthermia applications. In view of this demand, -Fe4N nanoparticles are reported as magnetically soft,36 chemically stable,37 cheap with high saturation magnetization (182 emu/g). 37, 38 Since 2000, man gro ps ha e reported the facile fabrication of high p rit -Fe4N
nanoparticles.37 39 Based on the Fe-N phase diagram, -Fe4N phase forms at the temperature range from 200 to 680 oC. 40 As proposed by the Lehrer diagram, the most stable iron nitride phase could be modified by tuning the nitriding potential that is controlled by the partial pressure of hydrogen and ammonia gas and the nitridation temperature.41 Th s, different iron nitride phases are obtained sing the gas nitridation process, s ch as ´´-Fe16N2, ´-Fe4N, -FeN, -Fe-3N, etc.42 45 In this paper, we report the gas nitridation method to s nthesi e ´-Fe4N nanoparticles. During the nitridation process, ammonia gas provides nitrogen atoms and hydrogen gas is applied to t ne the nitriding potential to obtain ´-Fe4N nanoparticles. Figure 1 shows the experimental setup for preparing ´-Fe4N nanoparticles. Hydrogen gas is for reducing the starting materials, ´-Fe2O3 nanoparticles, in a tube furnace. Then the nitridation is proceeded in the same furnace under a mixture of ammonia and hydrogen gas to obtain ´-Fe4N nanoparticles, as shown in Figure 1 2.1. X-ray Diffraction (XRD) of -Fe2O3 and synthesized ´-Fe4N MNPs. The str ct re of -Fe2O3 and fabricated -Fe4N are investigated by X-ray Diffraction (XRD). As shown in Figure 2 (a), the XRD pattern of the starting material matches the -Fe2O3 phase. After the hydrogen reduction and gas nitridation, nanoparticles show that -Fe4N is the main phase. The -Fe4N nanoparticles are successfully synthesized by the gas nitridation method. There is also a diffraction peak at around 2 theta 36 degrees that is from iron oxide, which might be due to the oxidation when transferring powder sample from the tube furnace to a glove box. The crystal structure of -Fe4N and -Fe2O3 are also plotted in Figure 2 
Morphology characterization on -Fe2O3 and ´-Fe4N nanoparticles. The morphologies of -Fe2O3
and ´-Fe4N nanoparticles are obtained using a transmission electron microscopy (TEM). From each nanoparticle sample, three different samples are prepared for the TEM characterization: the wet mechanical milled -Fe2O3
and ´-Fe4N nanoparticles in oleic acid (OA), named as -Fe2O3@BM and ´-Fe4N@BM; the supernatant of these nanoparticle suspensions after a ultra-centrifugation step (10,000 rpm for 20 min), named as -Fe2O3@Ultra and ´-Fe4N@Ultra; the supernatant from these nanoparticle suspension after keeping at room temperature for 24 h, named as -Fe2O3@S p and ´-Fe4N@Sup. The TEM images, illustration of each TEM sample preparation process, and schematic drawings of different shape nanoparticles are summarized in Figure 3 formed as a result of wet ball milling in oleic acid. Thus, these nanoparticles are coated with a thin layer of oleic acid (around 2 nm thick) and this makes the hydrodynamic size distribution from DLS appears to be slightly larger than that observed from the TEM images. The schematic drawing of OA coated MNPs is given in Figure   4 (c). 
Hydrodynamic size and concentration of the ´-Fe4N@BM nanoparticles in Isopar G fluid. The DLS
results give a slight discrepancy with that of the TEM images. Although we justified the discrepancy by two explanations in the last section: first, as the samples were ball milled, they added an extra 2 nm oleic acid coating around the nanoparticles and made the hydrodynamic size distribution slightly larger than observed from the TEM images; second, the hydrodynamic peaks around 100 nm and 1000 nm from the -Fe4N@BM sample helped us infer that the particles might have sintered and aggregated. Thus, in order to further characterize the size of the fabricated -Fe4N nanoparticles, another competent optical characterization method, the Nanoparticle Tracking Analyzer (NTA) (details regarding the techniques and models have been mentioned in the Methods & Materials section), is used. An added advantage of characterizing the nanoparticles by the NTA over the DLS is that they also give an information about the concentration of the particles from the solution. Figure 5 shows that the -Fe4N@BM sample has a concentration of the order of 107 particles/mL. Five independent NTA measurements, each having a time span of 60 seconds, are carried out and labeled as curves I V in Figure 5 . The nanoparticle concentration is averaged over five measurements and represented by the shadowed curve in Figure 5 . For each measurement, a 1-minute video is recorded by the camera of the NTA (videos are provided in the Supplementary Videos). Snapshots at the 15th, 30th, 45th and 60th seconds are summarized on the right panel of Figure 5 . we vary the driving field frequency: the harmonic amplitude increases as the driving field frequency increases, it reaches to a plateau at a critical frequency (marked by stars in Figure 7 and Figure 10 ), then it slowly decays as we further increase the driving field frequency. As the driving field frequency increases from 50 Hz to 2850 H , the -Fe2O3 and -Fe4N nanoparticles go through three different regions (labeled as I, II, and III in In addition, as we gradually increase the frequency of driving field, the dynamic hysteresis loops transform from long ellipses to flat ovals for both samples, as shown in Figure 9 (c) & (d). This is due to that, as the AC field sweeps faster, both types of nanoparticles are unable to synchronize with the fast-changing AC fields, thus a larger phase lag of magnetic moment to external driving field is induced.
For magnetic hyperthermia treatments, when MNPs are subjected to the AC field, the area of their magnetic hysteresis loop, , corresponds to the dissipated energy.56 58 The power generated by these MNPs, or specific absorption rate (SAR), is evaluated by the equation,
• . Since the maximum SAR achievable is directly proportional to the sat ration magneti ation of MNPs, th s, -Fe4N nanoparticles reported in this work can enhance the SAR and, meanwhile minimize the dose. As shown in Figure 9 
CONCLUSIONS
In this paper, we reported high magnetic moment, irregularly shaped -Fe4N nanoparticles with OA surfactant. To establish a stronger corroboration with that of the TEM images and DLS results, the samples of the same order of dilution were characterized in nanoparticle tracking analyzer (NTA, Model: Nanosight LM-10). We would like to clarify here that the hydrodynamic size distribution obtained from DLS for both -Fe2O3 and - NTA gi es s the concentration of the -Fe4N nanoparticles hich in t rn specifies the -Fe2O3 concentration as both the nanoparticle samples for hydrodynamic size characterization, were prepared in a similar manner. The sample volume prepared for both DLS as well as NTA particle analyzer is 1.5 mL.
Vibrating sample magnetometer (VSM) characterization. 25 L -Fe2O3 and -Fe4N nanoparticles in OA suspensions are dropped on a filter paper and air-dried, then fit into a 5 mm diameter 12 mm long gelatin capsule (gelcap). During the VSM measurement, the gelcap is inserted into sample tube and affixed to the sample-rod.
The magnetic field is swept from -5000 to +5000 Oe with a step width of 5 Oe (or -2000 to +2000 Oe with a step width of 2 Oe), the averaging time for each measurement is 100 ms.
Mumax3 Simulation. The TEM images, DLS & NTA characterizations give us a legitimate knowledge on the idea about the shapes and sizes of -Fe2O3 and fabricated -Fe4N nanoparticles. We simulate the shapes of the nanoparticles using micromagnetic framework, Mumax3, and observe the magnetization distribution within the -Fe2O3 and -Fe4N nanoparticles. 68 The magnetic properties of the nanoparticles were obtained from our experimental and previously reported results listed in Table S1 and Table S2 in Figure 10 in the paper), higher odd harmonics at 3 , 5 , 7 , etc., are found from the frequency domain of collected responses, 4,9 11 as shown in Figure S1 For free-rotating MNPs suspended in solution, their magnetic moments relax to align with the externally applied AC magnetic fields through Néel and Brownian relaxations.12 14 In this section, we investigate the relaxation mechanism of -Fe2O3@BM in water and oleic acid (OA).
The Brownian relaxation time is expressed as:
where is the viscosity of solution, is the Boltzmann constant, is temperature, and is the hydrodynamic volume of MNP. Herein, -Fe2O3 MNPs with magnetic core diameters (varied from 1 to 50 nm) and surface OA layer thickness of 2 are assumed. Thus, the hydrodynamic volume is expressed as:
The Néel relaxation time is expressed as:
,
Where the typical values for 0 are between 10 9 and 10 10 seconds, is the uniaxial anisotropy of -Fe2O3@BM, which we used 4.6 10 3 3 ⁄ in this simulation. Magnetic core volume is 3 
It is worth to mention that the Néel and Brownian relaxation models used here are simplified, neglecting the effects of dipolar interactions and magnetic field strength.5,6,15 Both relaxation processes are dependent on the frequency and amplitude of applied magnetic fields.
The dynamic magnetic responses of MNPs are usually characterized by the effective relaxation time , which is dependent on Brownian relaxation time and Néel relaxation time . The of a free-rotating MNP governs its ability to align its magnetic moment with the external driving field (see Figure S3 (a)), this effective relaxation time is related to the Brownian and Néel relaxation times and is expressed as:
The Néel, Brownian, and effective relaxation time of free-rotating -Fe2O3@BM is simulated with magnetic core size varied from 1 nm to 50 nm. Figure S2 (a) and Figure S2 Figure S2 (a)), the critical core size is 24 , where MNPs with core size below 24 nm relax to the external field through a Néel relaxation-dominated process and MNPs with core size above 24 nm relax to the external field through a Brownian relaxation-dominated process. For -Fe2O3@BM dispersed in oleic acid (see Figure S2(b) ), the critical core size is 28 .
S-5
In this paper, we measured the dynamic magnetic responses of -Fe2O3@BM in oleic acid, and the average magnetic core size is ~20 nm as shown in the TEM images from Figure 3 (a) in the paper. Thus, these -Fe2O3@BM MNPs relax to the fast-changing AC magnetic driving field through the Néel relaxation-dominated process. high temperature required. Thus, the sintered body, -Fe4N MNPs are around 100 nm in size as confirmed in Figure 3 (b), Figure 4 (a) and Figure 5 in the paper. As a result, we can safely treat these sintered -Fe4N MNPs as 20 nm -Fe4N MNPs bundling together, in this case, the dominating relaxation mechanism is also Néel relaxation due to that the Brownian relaxation is blocked for these sintered bodies (~100 nm), as shown in Figure   S3 (b). In conclusion, both -Fe2O3@BM and -Fe4N@BM MNPs in this work relax to align their magnetic moments to the externally applied AC field through a Néel relaxation-dominated process. The mathematical models used here are assuming perfect spherical MNPs, however, taking the shape anisotropy (irregularly shaped nanoparticles as shown in TEM images from Figure 3 in the paper) and dipolar interactions between MNPs, the practical effective relaxation time is larger than the theoretical calculations.
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S3. Models of dynamic magnetic responses.
In the presence of AC magnetic fields • 2 • • , MNPs are magnetized and their magnetic moments tend to align with the fields. For a monodispersed, non-interacting MNP system, the static magnetic response obeys the Langevin model:
where, coth 1 (7) The magnetic moment of each MNP is expressed as 3 6 ⁄ , where is volume of the magnetic core.
Taylor expansion on shows the major odd harmonic components:
driving field frequency , the magnetic moment of MNPs. It should be noted that the static magnetic response mode (the Langevin model) discussed above is unable to describe the dynamic magnetic responses of MNPs suspended in solution. 16 Herein, Néel and Brownian relaxation models are introduced in S2 to complete the model. Figure 7 from the paper, by controlling the volume and concentration identical (200 L, 67 mg/mL), the -Fe4N@BM MNP sample show higher harmonic amplitudes over -Fe2O3@BM. Which is due to that the -Fe4N@BM MNP has higher saturation magnetization over -Fe2O3@BM MNP.
As shown in
In addition, as discussed in the paper, the harmonic amplitudes of both MNPs increase as the driving field frequency increases (denoted as region I in Figure 7 from the paper). Within region I, the driving field frequency is the dominating factor for voltage signal . However, as the AC magnetic field sweeps faster ( increases further), the magnetic moments of MNPs are unable to follow the direction of field, causing larger phase lag between the magnetic moments and field (region III in Figure 7 from the paper). This phase lag attenuates the harmonic amplitudes. The competition between enhancement effect of and attenuation effect of reaches to a critical point ( ) where the dynamic magnetic responses (harmonic amplitudes) reach to maxima (marked by stars in Figure 7 and Figure 10 from the paper).
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S4. Micromagnetic simulation parameters. 
